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Fig. 4 Comparisons of calculated shape-factor develop-
ments.

For the calculation of shape-factor (H) development, dif-
ferent methods*7; M give widely differing results, as indicated
in Figs. 3-5 using the measured momentum thickness de-
velopment, in each case, as the basis for the calculations.

The generally rather poor predictions of some of the better
known methods is clearly shown by these typical comparisons
using data from Refs. 8-10. It will be seen, however, that the
method of Head!! gives the best over-all agreement with ex-
periment and, consequently, it is recommended that this
method should be used for the calculation of H, together with
the momentum integral equation for the prediction of ¢, the
two equations being solved simultancously step-by-step.

It is hoped that a more complete account of this work and a
somewhat improved calculation method will be published
at a later date.
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An Aerofoil Probe for Measuring the

Transverse Component of Turbulence

Tuomas E. Siopon* axp HerBERT S. RIBNERT
Unersity of Toronto, Toronto, Ontario, Canada

I. Introduction

AT present, the accepted method of measuring instantane-
ously the transverse or v component of turbulent velocity
employs the familiar crossed-wire probe in conjunction with
dual channel hot-wire anemometer ecircuitry. Alternatively,
for investigations where only root-mean-square values are
required, a single slant wire can be used by rotating through
180° between measurements. Both of these methods involve
expensive equipment and have several shortcomings. For
two-point correlation work in particular, instantaneous values
of v are required, which introduces the need for two crossed-
wire probes and the accompanying four channels of elec-
tronies.

In an effort to circumvent this complexity a new and rela-
tively simple probe has been developed at the Institute for
Aerospace Studies. It is used with an ordinary inexpensive
audio frequency amplifier. The probe consists basically of a
small aerofoil and a force transducer that yields a voltage
varying as the instantaneous value of v. More specifically,
the aerofoil (of rectangular or circular planform) experiences a
randomly varying lifting force, because of turbulent fluctua-
tions in the flow. The aerofoil is attached to a tapered
cantilever beam in which is imbedded a piezoelectric trans-
ducing element. For low values of turbulence intensity (i.e.,
less than 309,) the piezoelectric element produces an output
voltage directly proportional to the » component of turbulent
velocity.

II. Basic Theory

Figure 1 illustrates the basic principle of the aerofoil probe.
We consider flow incident on the aerofoil with velocity V, at
angle of attack «. In turbulent flow, V and a both vary in a
random fashion. It is assumed that at any instant of time we
can apply the approximation of quasi-steady linear aerofoil
theory, provided that the frequency is not too high:

= $pV28[dC/da]a (1)

Received November 2, 1964.

* Research Assistant, Institute for Aerospace Studies.

1 Professor, Institute for Aerospace Studies. Associate Fellow
Member ATAA.



748 ) ATAA JOURNAL

AEROFOIL

SHROUD

‘a

e
TRANSDUCING >
ELEMENT

Fig. 1 Mechanism of response of aerofoil probe to v com-
ponent of turbulence.

To a consistent approximation, « may be replaced by
(v/U) and V by U, to give

L = 3pUS[dC./daly = Ke 2)

Thus, in the range that the over-all probe response is linear
in the lift I, the result is a voltage e proportional to ». (The
proportionality constant includes and thus varies with the
local stream velocity U.)

III. Probe Design

In the development of a satisfactory probe design several
problems were encountered, the most significant being that
of obtaining an over-all structural response free from resonant
peaks over the frequency range of interest.

The probe to be described was developed for the study of
turbulence in a 4-in. low-speed free airjet facility. With this
facility frequencies from zero to approximately 10 ke/sec
contribute significantly to the frequency spectrum. Conse-
quently, it was desired that the aerofoil-cantilever portion of
the beam have a first eritical natural frequency somewhat
higher than 10 ke. After considerable analysis and experi-
ment it was found that a conical aluminum beam with a short
outer section of uniform diameter (supporting the aerofoil
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Fig. 2a Aerofoil probe for measuring the v component of
turbulence (with shroud removed).

Fig. 2b Aerofoil probe with shroud in place.
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sensor) would afford a first critical frequency of approximately
12.5 ke. This sufficiently satisfied the particular require-
ments.

In order to avoid sensitivity loss at the higher frequencies,
it is desirable to use a lift-sensor of the smallest possible
physical dimensions. This avoids spatial averaging of the
short wave length turbulence components. On the other
hand, it is desirable to have the maximum possible lifting
area in order to obtain sufficient magnitudes of lift force and
consequent output voltage. As a compromise, it was found
that disks of 0.070 in. diam were small enough to give satis-
factory high-frequency response, and large enough for good
signal-to-noise ratio in the output amplifier. Rectangular
planforms of comparable area and AR = 2 have been used
with equal success.

Of necessity, a shroud was employed to insure that only the
outer portion of the cantilever beam (primarily the sensing
aerofoil) responds to the turbulent impulses. Figure 2 is a
photograph of the complete probe assembly, both with the
shroud in place and removed to expose the transducing
element.

Another significant problem concerns accelerometric effects
on the probe response. Vibrations of the probe support give
rise to unwanted inertia loading on the cantilever beam, which
seriously distorts the frequency spectrum of the output signal.
By proper support design and the use of aluminum through-
out the probe head, this problem was eliminated.

A ceramic PZT-4} piezoelectric element was used for the
particular probe discussed. It deformed in the length ex-
pander mode. In a stream velocity U of 90 fps, with 109,
turbulence, output voltages of the order of 5 mv were realized.

IV. Experimental Results

Figure 3 compares frequency spectra obtained with the
aerofoil probe and with a crossed-wire probe, for a common
point in the jet flow. The curves are plotted in decibels rela-
tive to the 1000-cps point. Agreement between the two sets of
data is excellent for frequencies between 40 and 4000 cps.
Above 4000 cps the response begins to fall off as a result of the
finite aerofoil size. A slight resonant peak is noted at 12.5
ke/sec.

The behavior at frequencies below 100 c¢ps was found to be
quite sensitive to the input impedance of the probe output
amplifier. This was traced to the fact that the piezoelectric
element behaves primarily like a voltage source in series with
its own characteristic capacitance®. 2 (i.e., about 130 mmf for
the present probe). Serious response fall-off below 100 cps
was obtained with an amplifier having a resistive input of 10
megohms. The insertion of a parallel capacitor-resistor pair
(C = 25 mmf, B = 66 megohums) in series with the input re-
sistor resulted in the muech improved low-frequency response
of Fig. 3.

Over the major frequency range then, the aerofoil probe
appears to reproduce the » component frequency spectrum
quite accurately. In addition, comparisons of root mean
square velocity measurements obtained with the aerofoil
probe and hot wires indicate that the probe output varies
directly with turbulence velocity for intensities (i.e., ¥,ms/U)
up to approximately 309, as had been anticipated.

V. Concluding Remarks

Although the aerofoil probe is as yet only in the very early
stages of exploitation, it would appear to have advantages for
turbulence measurements in a number of circumstances. It
provides a single channel, direct measurement of v, in contra-
distinetion to the crossed-wire technique. A 90° axial rota-
tion will yield a quick comparison of » and w as a check on
turbulence axisymmetry. The obvious simplicity of the de-
vice points to ease of manufacture at an economical cost.
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20+ Assumptions

The equations of motion for a symmetric spinning body
g 104 FEFEEETT used by Nidey and Seames? are extended to include jet damp-
o ing terms. In addition to symmetry, the conventional re-
3 o strictions are assumed?: 1) no ejected particle is given an
> angular velocity relative to the rocket, 2) the angular mo-
2 1o mentum imparted to the particles is symmetric relative to
W ——CROSSED HOT WIRE PROBE the longitudinal axis, and 3) the center of mass always lies
g ) —— —AEROFOIL PROBE o‘n th;e lon%.itudfinal tf:LXlsf hThese fa,ssumlptions gi\ge t'he

-2 U= 8SFT/SEC. Xpea5 Ya-l0 (D4 INCHES genera. equation for rate of change of angular momentum:
M = H + rate of angular momentum transfer from 1)

40 100 400 1000 4000 10000 the system
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Fig.3 Comparison of v component spectra in a round jet.

Superior durability and temporal stability should make
possible measurements which were hitherto difficult with con-
ventional crossed-wires (i.e., high velocities, dirty flows,
hydrodynamic turbulence). Work is presently underway in
the development of precise calibration techniques for the
probe.
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Jet Damping of Symmetric Rockets

ALBERT E. SEAMES*
Hughes Atrcraft Company, Tucson, Ariz.

Nomenclature
H = moment of momentum about center of mass
Ix = moment of inertia about the longitudinal axis
I, = moment of inertia about any transverse axis
k = radius of gyration
{ = distance from center of mass to jet along \ axis
m = mass of rockets and contents at time ¢
M, M = moment, magnitude of moment
i = time
XYZ = inertial coordinates
@ = angle of attack
o = radical distance to jet from X axis
7, v, A = cross-spin coordinates
0p = half angle of precession
8, ¢, ¥ = Euler angles
w, @ = magnitude of angular velocity
Q = angular velocity of cross-spin coordinates

In recent years, the effect of jet damping on a spinning
rocket has received considerable attention. Most studies
have used the modified Eulerian dynamic equations! as the
governing equations of motion. To find dynamic variables,
such as transverse angular velocity and angle of attack, it
is conventional to create complex expressions. There are
exceptions,? but these have normally introduced complicated
mathematical manipulations. Alternate equations of mo-
tion, derived herein, allow certain problems to be solved
without the conventional complex variable substitution.

Received October 20, 1964.
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Equations of Motion

Consider the cross-spin coordinate system 7, », X shown in
Fig. 1, where & and = are unit vectors parallel and normal to
the axis of symmetry, respectively. Let « be oriented so
that the angular velocity of the rocket has only two compo-
nents wy and w,. The transverse component of angular ve-
locity is sometimes called cross-spin. Because the rocket
and the coordinate system share the transverse angular ve-
locity, the angular velocity of the coordinate system Q is
written as

Q = 0 + we @)

For a symmetric rigid body, ignoring jet damping, the moment
of momentum and its time derivative are

‘ H = Lhoah + Iwx 3)
H = hiind + I:0,2 + Hhoa(@ X A) + Lo (@ X7 @)

thus
My = Lén )
M, = I, (6)

and
M, = w2\ — how, )

where v = A X . The rate of rotation of the cross-spin
(transverse angular velocity) about the spin axis obtained
by rearranging Eq. (7) is

I = QO + Mv/(lrwr) (8)
where
Qo= (In/I)on

To include the effects of jet damping it is only necessary
to add additional terms to the right side of Eqgs. (5) and (6).

Fig. 1 Coordinates and Euler angles.



